INTRODUCTION {#sec1-1}
============

*Angelicae sinensis* Radix (Danggui in Chinese) is derived from the root of *A. sinensis* (Oliv.) Diels (reported in Chinese Pharmacopoeia, Edition 2010), which is one of the oldest and most frequently used Chinese herbs in oriental medicine. *A. sinensis* Radix has been traditionally used for tonifying the blood and for treatment of anemia, rheumatism, female menstrual disorders and amenorrhea.\[[@ref1]\] Meanwhile, *A. sinensis* Radix has been used as a common health food supplement for women\'s care for 1000\'s of years in China.\[[@ref2][@ref3]\] Pharmacological studies and clinical practices have demonstrated that *A. sinensis* Radix possesses various bioactivities, including antibacterial, anti-amnestic, and antihypertensive effects,\[[@ref4][@ref5]\] inhibitory effect on acetylcholinesterase,\[[@ref6]\] reduced cardiac contraction,\[[@ref7]\] activation of protein kinase C,\[[@ref8]\] and antitumor activity.\[[@ref9]\] Regarding the chemical constituents of *A. sinensis* Radix, more than 70 compounds, including essential oils, phthalide dimers, organic acids and their esters, vitamins and amino acids, have been identified so far, and various biological activities of the compounds have been reported.\[[@ref10]\]

For centuries, post-harvest processing of the root of *A. sinensis* (Oliv.) Diels has occurred naturally, i.e. sun-dried. However, in recent years, *A. sinensis* Radix has been reported to be sulfur-fumigated by herbal farmers or wholesalers during post-harvest handling and storage for the purpose of torrefaction, sterilization, mildew proof, insect prevention, and bleaching.\[[@ref11]\] The sulfur dioxide extracted from sulfur heating acts as a strong reducing agent, which reacts with the components of the ketonic group and hydroxyl radical in *A. sinensis* Radix. As a result, this has an extremely negative effect on the character and taste of *A. sinensis* Radix, weakening its quality and curative effect.

In recent years, gas chromatography (GC) and GC-mass spectrometry (GC-MS)\[[@ref12]\] have been used for evaluating the quality of *A. sinensis* Radix and its processed products. Essential oils constitute the main active pharmacological components of *A. sinensis* Radix and most previous studies have been focused on its volatile components. However, to the best of our knowledge, there has been no report on the influence of sulfur-fumigation on the volatile components of *A. sinensis* Radix.

GC-MS is a powerful method that can be used to analyze volatile components of *A. sinensis* Radix. However, it is difficult for GC-MS to distinguish enantiomers unless a chiral separation is used. Typically, this results in poor component identification in the MS library as well as difficulty in obtaining accurate qualitative and quantitative results. These problems can however, be overcome using multi-dimensional GC. When compared to conventional GC, comprehensive GC × GC is a hyphenated technique that greatly improves the result of volatile component separation and identification with low concentrations in a shorter analytical period. The addition of time-of-flight mass spectrometry (TOFMS) provides a sensitive detector with full-scan MS capability and a high data density in the second dimension separation space. The combination of GC × GC-TOFMS has previously been shown to be very useful for many complex samples.\[[@ref13][@ref14][@ref15]\]

The aim of the current study was to investigate the influence of sulfur-fumigation on the volatile components of *A. sinensis* Radix. A comprehensive two-dimensional gas chromatograph coupled to a time-of-flight mass spectrometer was employed to identify all individual components in complex *A. sinensis* Radix essential oils. The difference between main volatile components in sulfur-fumigated and non-fumigated *A. sinensis* Radix samples was then compared. Using the GC × GC-TOFMS method, we accurately and efficiently differentiated sulfur-fumigated and non-fumigated *A. sinensis* Radix from commercial samples and evaluated the quality of various *A. sinensis* Radix sources.

MATERIALS AND METHODS {#sec1-2}
=====================

Samples and sample preparation {#sec2-1}
------------------------------

Non-fumigated *A. sinensis* Radix samples were collected from Gansu province, China, and inspected by an expert in the field. Sulfur-fumigated samples were created from a subset of non-fumigated samples, following procedures similar to those employed by farmers and wholesalers: 1000 g of the non-fumigated *A. sinensis* Radix were wetted with 100 mL water then put to stand for 5 h, 100 g of sulfur powder was heated until burnt, the burning sulfur and the wetted non-fumigated *A. sinensis* Radix were carefully placed into the lower and upper layers of a desiccator, respectively. The desiccator was then kept closed for 24 h. After fumigation, the prepared *A. sinensis* Radix was dried in a ventilated drying oven at 40°C for 24 h.

The volatile oils in 200 g of non-fumigated and sulfur-fumigated *A. sinensis* Radix were extracted with 2000 mL of water by using the steam distillation method described in the Chinese Pharmacopoeia (Edition 2010) for 4 h. Extraction yields of volatile oils for non-fumigated and sulfur-fumigated *A. sinensis* Radix were above 0.5% and 0.35%, respectively. The volatile oils obtained were dried over anhydrous sodium sulfate (Sigma Corp., St. Louis, MO, USA) and stored in dark glass bottles at 4°C for analyses.

Instrumentation, column system and conditions {#sec2-2}
---------------------------------------------

The GC × GC-TOFMS analyses were performed using a Laboratory Equipment Corporaton (LECO) Pegasus 4D instrument (LECO Corp., St. Joseph, MI, USA), coupled to Agilent 6890 N gas chromatograph with split-splitless injector, 7683 B Series auto-sampler and time of flight mass spectrometer LECO Pegasus III. Major parameters were set at: Electron impact ionization 70 eV, acquisition rate 50 spectra/s, ion-source temperature 220°C, and transfer interface temperature 250°C. A column set with a non-polar stationary phase primary column and a medium-polar stationary phase secondary column was used. The first dimension chromatographic column was 30 m × 0.25 mm, 0.25 μm film thickness DB-5 ms (5% phenyl-substituted methyl polysiloxane, J and W Scientific, Folsom, CA, USA). The second dimension chromatographic column was 2 m × 0.1 mm, 0.1 μm film thickness DB-17 ht (14% cyanopropylphenylmethylpolysiloxane, J and W Scientific, Folsom, CA, USA). Helium was used as a carrier gas at a constant flow rate of 1 mL/min. The two columns were connected with a press-fit connector and individually installed in two separate ovens. Column 1's oven was heated to 50°C for 1 min, then increased at a rate of 15°C/min to 160°C and held for 10 min. The temperature was then further increased at a rate of 3°C/min to 260°C and held for 5 min. Column 2\'s oven was heated to 55°C for 1 min, then increased at a rate of 15°C/min to 160°C and held for 10 min. The temperature was then further increased at a rate of 3°C/min to 265°C and held for 5 min. The modulation period was set at 6.0 s. The data-acquisition rate was 100 Hz (scans/s) for the mass range of 45-550 amu. The detector voltage was −1850 V. The injection volume of sample solution was 1 μL at a split ratio of 200:1 in a 250°C inlet onto column 1.

Data processing {#sec2-3}
---------------

Data were processed with LECO Pegasus 4D software; including peak finding, mass spectrum deconvolution, and MS component identification using the NIST 08, Adams and Wiley 6 database libraries. Results of the analyses were located in the peak table. All statistical analyzes were conducted with John\'s Mackintosh Program (JMP) version 7.0.1 (SAS Institute Inc., Cary, NC, USA). Figures and tables were generated with Microsoft Office Excel 2010 (Microsoft Corporation, Redmond, WA, USA).

RESULTS AND DISCUSSION {#sec1-3}
======================

Qualitative analysis of *A. sinensis* Radix volatile oil {#sec2-4}
--------------------------------------------------------

The non-fumigated and sulfur-fumigated *A. sinensis* Radix samples were analyzed using the optimized GC × GC-TOFMS method. The GC × GC-TOFMS contour plots of volatile oil in non-fumigated and sulfur-fumigated *A. sinensis* Radix under different column systems are depicted in [Figure 1](#F1){ref-type="fig"}. With non-fumigated *A. sinensis* Radix as a reference, a total of 209 compounds with match quality \>80% in both non-fumigated and sulfur-fumigated *A. sinensis* Radix samples were identified by TOFMS and quantified by flame ionization detection including hydrocarbons, ketones, aldehydes, esters, alcohols, acids, and other components. The major compounds identified in *A. sinensis* Radix volatile oil by GC × GC-TOFMS along with the first and the second dimension retention times, formula, similarity(S), and areas are presented in [Table 1](#T1){ref-type="table"}. It should be noted that the peak identification of components was based on mass spectra obtained from NIST 08 and Wiley 6 library databases. Identification based on a mass spectral library search using S was above 800. Compounds having lower search probabilities than these were classified as unknowns and disqualified for Kovats index comparison.

![Comprehensive two-dimensional gas chromatography coupled with time-of-flight mass spectrometry and three-dimensional chromatograms of non-fumigated (a/b) and sulfur-fumigated (c/d) *Angelicae sinensis* Radix volatile oils](PM-10-304-g001){#F1}

###### 

Major volatile components identified in both non-fumigated and sulfur-fumigated *Angelicae sinensis* Radix samples

![](PM-10-304-g002)

Differentiation of sulfur-fumigated *A. sinensis* Radix using volatile profiling {#sec2-5}
--------------------------------------------------------------------------------

The established method has been successfully applied to analyze the influence of sulfur-fumigation on the volatile components of *A. sinensis* Radix. With non-fumigated *A. sinensis* Radix samples used as a reference, the major portions of volatile groups in sulfur-fumigated *A. sinensis* Radix samples were found to be significantly different, probably due to changes in medicinal properties resulting from the sulfur-fumigation process. In addition, the amount of H~2~SO~3~ in *A. sinensis* Radix was increased during sulfur-fumigation, and the *A. sinensis* Radix appeared whitened and accompanied by an acidic taste, resulting from a lower pH value. Moreover, sulfur dioxide further reacted with components in medicine and directly reduced the contents of volatile compounds. 36 volatile compounds were not found in *A. sinensis* Radix after sulfur-fumigation as shown in [Table 2](#T2){ref-type="table"}. Meanwhile, the majority of low-boiling fractions and esters were lower in sulfur-fumigated samples than in non-fumigated samples, as shown in [Table 1](#T1){ref-type="table"}.

###### 

Using non-fumigated sample as a reference, 36 volatile compounds were not found in *Angelicae sinensis* Radix after sulfur-fumigation

![](PM-10-304-g003)

Identification of main co-eluting peaks in *A. sinensis* Radix by GC × GC-TOFMS {#sec2-6}
-------------------------------------------------------------------------------

The essential oil in herbal medicine and food are very complex and it should be emphasized that the analyses of complex essential oil samples by one-dimensional GC may fail or be unsatisfactory. In particular, when considering the well-known limitation of one-dimensional GC and GC-MS techniques as being inherently unable to separate and identify the multitude of compounds present in low concentrations and co-eluting. The analysis of essential oil should provide not only sufficient separation, but also accurate qualitative information of all individual components. Therefore, GC × GC-TOFMS with high resolving power (peak capacity) and high sensitivity has been applied to the analysis of complex co-eluting peak clusters in essential oil.

In order to further explain automatic peak search and deconvolution of spectrograms in the software information processing of compounds with common outflow characteristics, sections of the identified chemical groups of *A. sinensis* Radix samples were included to elucidate the principle of relative position in the 2D chromatogram as shown in [Figure 2](#F2){ref-type="fig"}. Eight compounds on that position extend along the direction of one dimension, and their qualitative results were finally yielded after the further separation of the second dimension column. This involved an automatic peak search and deconvolution of the corresponding spectrogram during the software image processing. According to these results, it can be seen that each compound was well identified with a high peak match. Furthermore, the eight components were separated independently without any influence from co-eluting peaks, the fingerprint information of light fraction such as propane remained intact, and the high quality spectrogram was given after the software deconvolution. As seen from the mass-spectrogram, Caliper was the unprocessed spectrogram, Peak True was the processed spectrogram (after software deconvolution), and Library Hit was the standard spectrogram. The structures and mass spectra of the eight compounds are shown in [Figure 3a](#F3){ref-type="fig"} and [b](#F4){ref-type="fig"}.

![Typical contour plot of main co-eluting peaks in comprehensive two-dimensional gas chromatography coupled with time-of-flight mass spectrometry chromatogram of non-fumigated *Angelicae sinensis* Radix sample from 624s to 654s](PM-10-304-g004){#F2}

![The structures and mass spectra of the eight co-eluting peaks of *Angelicae sinensis* Radix volatile oil. Compound 1: Benzenemethanol, α,α,4-trimethyl-; Compound 2: 4-terpineol; Compound 3: Dodecane; Compound 4: Benzaldehyde,2,5-dimethyl-](PM-10-304-g005){#F3}

![The structures and mass spectra of the eight co-eluting peaks of *Angelicae sinensis* Radix volatile oil. Compound 5: Cyclobutane, 1,2-diethyl-; Compound 6: Homomyretenol; Compound 7: Terpineol; Compound 8: Decanal](PM-10-304-g006){#F4}

CONCLUSION {#sec1-4}
==========

In the present study, GC × GC-TOFMS has been shown to be a powerful and effective method with high sensitivity and specificity in identifying individual volatile components. By employing this technique we were able to quantify all the individual components in the volatile oils of non-fumigated and sulfur-fumigated *A. sinensis* Radix for the first time. In addition, the established methodology was successfully applied to the rapid identification of sulfur-fumigated *A. sinensis* Radix in commercial samples, and also revealed the chemical changes of volatile components in *A. sinensis* Radix following sulfur-fumigation. We conclude that the GC × GC method is able to separate compounds in herbal medicine and food that heavily co-elute on a standard gas chromatograph system. Separation of analyses by volatility and polarity enables traditionally unresolved complex mixtures to be examined in greater detail and vastly increases the number of identified compounds. Therefore, the presently developed methodology could be used as a powerful and versatile tool for quality control and process monitoring tool for herbal medicine and food processing industries. Further, research involving biological activities of volatile components in *A. sinensis* Radix is, however, needed to fully explore its potential for practical application.
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